Regeneration requires the precise integration of cues that initiate proliferation, direct 22 differentiation, and ultimately re-pattern tissues to the proper size and scale. Yet how these 23 processes are integrated with wounding cues remains relatively unknown. The freshwater 24 planarian, Schmidtea mediterranea, is an ideal model to study the stereotyped proliferative and 25 transcriptional responses to injury due to its high capacity for regeneration. Here, we characterize 26 the effector of the Hippo signalling cascade, yorkie, during planarian regeneration and its role in 27 restricting early injury responses. In yki(RNAi) regenerating animals, wound responses are hyper-28 activated; the bimodal proliferation kinetics are heighted and prolonged, while the transcriptional 29 injury responses are similarly augmented with dysregulated temporal patterns. We also 30 uncovered novel wound-induced genes by RNAseq that are primarily associated with tissue 31 patterning. Indeed, a high proportion of non-wound-and wound-induced patterning molecules 32 are mis-expressed in yki(RNAi), which we demonstrate is in part due to an expanded muscle cell 33 population. These altered injury responses have consequential effects on regenerative outcomes, 34 specifically sensing the size of a given injury and appropriately scaling organ and tissue sizes. 35 Taken together, our results suggest that yki functions as a key node to integrate the injury 36 responses of proliferation, apoptosis, injury-induced transcription, and patterning to coordinate 37 regeneration. 38 39 74 yki) is required to restrict stem cell proliferation, yet yki(RNAi) animals failed to regenerate (Lin 75 and Pearson, 2014). This conundrum between increased proliferation with an undergrowth 76 phenotype suggests other intricacies of growth control are dysregulated, but this remains to be 77 tested. Here, we demonstrate that Yki is required for the regeneration of appropriately scaled 78 and sized tissues by integrating the wound signals that direct the proliferative, apoptotic, and 79 transcriptional injury responses. In yki(RNAi) animals, these known injury responses are hyper-80 activated with dysregulated patterns. Indeed, the proliferative dynamics are heighted and 81 temporally prolonged. This enlarged stem cell population showed no block in differentiation, and 82 surprisingly, showed increased numbers of both epidermal and collagen + muscle cells. The 83 expansion of these cell types can be attributed to a subsequent heighted transcriptional injury 84 response. Using an RNA-deep sequencing (RNAseq) time course, we determined that yki(RNAi) 85 5
Introduction 40
Regeneration is a growth-controlled program that is observed across the animal kingdom.
41
B5002-5G, 25 mg/ml) was dissolved in 50 % ethanol and fed to animals and was stained as 136 previously described (Zhu et al., 2015) . TUNEL was performed as previous described (Pellettieri were produced using modified source code from (Macosko et al., 2015) and heatmaps were 158 produced using the modified heatmap.3 source code from (Molinaro and Pearson, 2016) . yorkie regulates stem cell proliferation during regeneration 162 We previously reported that yki is required for planarian regeneration, but the underlying 163 cause remained to be elucidated. Over 90% of yki(RNAi) tail fragments showed no evidence of a 164 blastema at 5 days post-amputation (dpa) and failed to regenerate, while head and trunk 165 fragments failed to a lesser degree (Lin and Pearson, 2014) . Because tail fragments were the 166 most severely affected, we chose to focus our characterization on tails. 167 Failures in regeneration are often correlated with aberrant stem cell dynamics, including 168 stem cell proliferation. Thus, we first examined proliferation with mitotic marker phosphorylated 169 histone 3 (H3P). In a control(RNAi) regeneration time course, proliferation occurred in a bimodal 170 pattern with two bursts of proliferation that occurred at 6 and 48 hours post amputation (hpa), as 171 previously described ( Figure 1A ) (Wenemoser and Reddien, 2010) . However, in yki(RNAi) 172 animals, this bimodal pattern was perturbed temporally and in its amplitude. The first wave of 173 proliferation was prolonged and peaked 15 hours later at 24 hpa. The onset of second wave of 174 proliferation was delayed and peaked at 72 hpa in yki(RNAi) animals ( Figure 1B ). Therefore, yki 175 was required to restrict the proliferation response to injury, which was also observed in head and Figure 1C ). The quantification of S-181 phase (BrdU + ) or G2/M-phase (H3P + ) cells suggested that yki does not inhibit the entry or exit 182 into S-phase. Moreover, the ratio of label retaining cells (H3P + /piwi-1 + /BrdU + ) to the total 183 amount of H3P cells was not different between control(RNAi) and yki(RNAi), 59±9% and 184 60±7%, respectively, despite higher proliferation in yki(RNAi) ( Figure 1D ). If yki affected the 185 cell cycle, a difference in the percentages would be expected, however, the opposite was seen.
186
Therefore, the changes in proliferation in yki(RNAi) animals cannot be attributed to alterations in 187 the length of the S or G2 phase individually, although we cannot rule out the possibility that the 188 whole cell cycle is accelerated. Finally, the increased proliferation did not change stem cell 
192
In response to amputation, a wave-like pattern of proliferation emanates from the wound 193 site over time, suggesting a diffusion-based mechanism that triggers proliferation (Elliott and 194 Alvarado, 2013; Wenemoser and Reddien, 2010). For instance, proliferation predominantly 195 occurs at the wound margin at 48 hpa and subsequently shifts posteriorly by 72 hpa ( Figure 1F ).
196
However, in yki(RNAi), proliferation was sustained at the wound margin at 72 hpa ( Figure 1F ).
197
This suggested the possibility of a cell non-autonomous proliferative cue that is upregulated in 198 yki(RNAi). Indeed, we have previously reported that yki was not enriched in the stem or Figure 1G ). Interestingly, these same differentiated tissues have recently been shown to be 204 enriched for the expression of wound-induced genes, collectively known as the transcriptional 205 injury response (Wurtzel et al., 2015) . Therefore, we next tested whether defects in the early 206 transcriptional response to wounds could explain defects observed in yki(RNAi) regenerates. was precociously expressed earlier at 0.5 hpa and was prolonged until 12 hpa ( Figure 2A ). 216 Likewise, the late marker delta-1 was also increased and temporally unrestricted in its expression 217 ( Figure 2B) . The time courses observed by WISH were supported by parallel experiments using Table 1 ). By normalizing the expression to control(RNAi) 247 intacts, an elevated response was evidently observed in yki(RNAi) tail fragments ( Figure 2H ).
248
Consistent with the above WISH and qRT-PCR data, jun-1, delta-1, and fos-1 were also 249 significantly upregulated by these analyses ( Figure 2H ). We further validated the upregulation in 250 yki(RNAi) with another bona fide injury marker that we had not previously examined, Smed-sp5, 251 which is a downstream target of Smed-β-catenin that is also wound-induced (Reuter et al., 2014;  252 Wurtzel et al., 2015) . We observed that Smed-sp5 was precociously expressed in yki(RNAi) 253 animals at 6 hpa and was sustained well beyond its normal temporal peak (Supplemental Figure   254 4A).
255
In order to find novel wound-induced genes, we used DEseq2 to compare RNAseq from 256 control(RNAi) intact worms to 6, 12, and 24 hpa tail fragments. This analysis generated a list of Table 2 ). Smed-Post-2d, which is similar to an AbdominalB-like homeobox Figure 4C ) (Wurtzel et al., 2015) . Therefore, we next examined the epidermal and muscle cell We next focused on the muscle population because it was the tissue with the most 289 dysregulated wound-induced genes in yki(RNAi). Moreover, the collagen + muscle subpopulation 290 is the source of many patterning signals that predominantly belong to major signalling cascades BrdU at 3fd15, amputated worms 5 days afterwards, and subsequently fixed them at 7 dpa 294 ( Figure 4A ). In yki(RNAi) animals, an increased number of collagen + /BrdU + cells was observed 295 compared to controls ( Figure 4B-C) . Accordingly, we found that collagen and troponin, another 296 muscle-specific gene, were upregulated immediately after injury in yki(RNAi) tail fragments by 297 qRT-PCR ( Figure 4D ). Thus, the increased muscle cell population could also account for the 298 augmented and aberrant transcriptional wound response in yki (RNAi) . 299 To test whether the overproduction of muscle cells in yki(RNAi) was attributed to 300 increased wound-induced gene expression, we examined wnt1. Injury induces wnt1 expression, 301 but it is also a polarity determinant that has >90% co-localization within the collagen+ muscle 302 cell population (Petersen and Reddien, 2009; Witchley et al., 2013) . In yki(RNAi) animals at 6 303 and 12 hpa, significantly more wnt1 + cells were observed along the tail midline, but also 304 ectopically at the wound margin ( Figure 4E ). These ectopic wnt1 + cells were predominantly 305 collagen + with no significant difference in the percentage of wnt1 + /collagencells in yki(RNAi) as 306 compared to control(RNAi) (14.2±3.9% and 11.8±8.1%, respectively; p=0.39) ( Figure 4F-G) . 307 Therefore, the increased wnt1 + cells in yki(RNAi) tails were not ectopically expressed in a 308 different cell type and suggested that the expanded muscle population can be attributed to the 309 expanded expression of wound-induced genes.
310
Many non-wound-induced body patterning molecules are also known to be highly Figure 4H and Supplemental Table 3 ). A high proportion of these genes were 317 associated with WNT signalling-a key determinant in anterior-posterior identity-which was 318 expected because yki(RNAi) tails do not regenerate their anterior (Lin and Pearson, 2014) . 319 However, notum, which antagonizes WNT signalling to promote head specification, as well as 320 the anteriorly-expressed sfrp-2 were still expressed in yki(RNAi) tails ( Figure 4H and 321 Supplemental Figure 5A-B) . Thus, the yki(RNAi) regenerative defects were not simply a failure 322 to express anterior-specification genes. Indeed, the changes in patterning were not limited to the 323 WNTs, but also included molecules associated with patterning the midline such as slit-1 and 324 netrin-2A (Supplemental Figure 5C ), or the dorsal-ventral axis such as bmp, tolloid-1, noggin-1, 325 and -7 ( Figure 4H ). Alterations in expression of signalling pathways can affect tissue 326 maintenance with improperly sized organs, thus, we next tested whether yki(RNAi) animals had The planarian has an innate ability to sense injury size by recognizing the amount of 331 tissue removed, known as the "missing tissue response" or "size sensing mechanism" (Gaviño et 332 al., 2013). We wanted to test whether this mechanism was still in place in yk(RNAi) animals 333 because the injury responses were heightened, prolonged, and sustained (Figures 1 and 2) . The 334 regenerating planarian pharynx is an ideal organ to test for the animal's ability to sense the size 335 of wounds. In relation to the amount of tissue removed or amputated, the post-mitotic planarian 336 pharynx must be rescaled and re-patterned to its new fragment size, which is accomplished in 337 part by changes in cell death (Pellettieri et al., 2010) . To test how this scaling mechanism may be 338 altered in yki(RNAi), pharynxes were chemically amputated from worms that had been 339 regenerating for 3 days but underwent selective amounts of tissue removal (0%, 10%, 40%, and 340 80%) ( Figure 5A ). The isolated pharynxes were immediately fixed and assayed for TUNEL 341 ( Figure 5B ). In control(RNAi) amputated pharynxes, a proportionality between the amount of 342 tissue removed and the amount of cell death was observed, as previously reported ( Figure 5B ). 343 However, in yki(RNAi), this relationship was uncoupled ( Figure 5B-C) . This suggested that yki 344 was required to mediate a scaling process or injury-size sensing mechanism during the initial 345 stages of regeneration.
346
The role for yki to mediate scaling can also be assayed during the process of morphallaxis 
408
Another key feature of the transcriptional injury response is to lay the foundation for 409 axial and tissue re-scaling. The 12 hpa time point is the peak temporal expression window for the 410 majority of wound-induced patterning molecules (Wenemoser et al., 2012; Wurtzel et al., 2015) , 411 including wnt1 which is crucial in determining axial polarity (Petersen and Reddien, 2009 ). ). We hypothesize that the failures in regeneration in yki(RNAi) may be attributed to the 418 mis-expression of multiple patterning molecules ( Figure 4H ). In addition, the process of 419 morphallaxis was also altered in yki(RNAi) (Figure 5D-G) . Therefore, the dysregulated replaced, reintegration with the old tissues occurs by morphallaxis. For example, the brain will 512 be rescaled down in size in head fragments, and the WNT genes re-establish their graded 513 expression along the anterior-posterior axis. By contrast, in yki(RNAi) regenerating animals 514 (dotted lines), all aspects of the generic wound response are heightened, evident by dysregulated 515 proliferative dynamics and the augmented wound-induced gene expression, likely attributed to 516 the increased epithelial and muscle cell numbers. The second mitotic burst is temporally shifted 517 and a failure in regeneration is observed. Ultimately, repatterning and scaling are also affected.
518
Altogether, this suggests that yki is required to restrict multiple aspects the injury response, 519 including proliferation, wound-induced gene expression, and patterning to ensure proper 520 regenerative outcomes. 
